Abstract: This paper deals with the issue of incorporating pseudolite measurements into an integrated Global Positioning System/ Inertial Navigation System ͑GPS/INS͒ positioning and attitude system with a view to improving signal availability, solution reliability, and accuracy in a localized area. Existing GPS/INS systems can overcome inherent shortcomings of each of the navigation technologies ͑line-of-sight signal requirement for GPS and INS errors that grow with time͒; therefore, such systems are now used for a wide variety of land, sea, and airborne applications where accurate positioning and/or attitude information is required with high output rate. However, their performance can still be degraded under certain conditions, such as when the duration of satellite signal blockage exceeds a certain time period ͑related to the quality of the INS͒, resulting in large accumulated INS errors. Such a scenario is a common occurrence for many kinematic applications. In an integrated GPS/Pseudolite/INS scheme, in order to gain the maximum benefit from additional pseudolite measurements, it is necessary to investigate how pseudolites can best be deployed to complement an existing GPS/INS system. A series of simulations, as well as field experiments with a GPS/Pseudolite/INS system comprising a NovAtel Millennium GPS receiver, an IntegriNautics IN200 pseudolite, and a MIGITS strapdown INS, were carried out, and the impact on performance of integrating pseudolite͑s͒ has been assessed for a variety of operational conditions and different system configurations. The results indicate that the overall performance of the system can indeed be significantly improved using additional pseudolite measurements.
Introduction
Integrated Global Positioning System/Inertial Navigation System ͑GPS/INS͒ systems have been used in a variety of kinematic applications for many years. In such integrated systems, high accuracy GPS measurements are used to estimate and to correct the error states of the INS. High data rate INS measurements can then provide accurate position and attitude information between the GPS updates. It must be emphasized that satisfactory results cannot generally be provided in the free navigation mode during periods of GPS signal outage because the INS accuracy deteriorates rapidly with time. Moreover, if the blockage continues longer than the acceptable INS bridging level, it would be very difficult to recover correct GPS ambiguities due to the significantly increased INS position errors.
Pseudolites are ground-based GPS signal transmitters that can improve the ''open air'' signal availability or even replace the GPS satellites constellation for some indoor applications ͑Wang et al. 2001͒ . They typically transmit signals at the GPS frequency L1 or L2. Both pseudo-range and carrier-phase measurements can be made on the pseudolite signals. In fact, during the 1970s, even before the launch of the GPS satellites, pseudolites were used to test the initial GPS user equipment ͑Harrington and Dolloff 1976͒. With the development of pseudolite techniques and GPS user equipment during the past decade, pseudolites have been proposed as a solution for enhancing the availability, reliability, integrity, and accuracy for many applications, including aircraft landing ͑Hein et al. 1997; Lee et al. 2002a͒, land vehicle In this paper, the issue of the integration of pseudolites into a GPS/INS system will be discussed with a view to improving signal availability, solution integrity, and positioning/attitude accuracy in a localized area. Through a series of simulations and experiments, the effect on accuracy of integrating pseudolite͑s͒ has been assessed for a number of operational scenarios.
Using Pseudolites in the Global PositioningÕInertial Navigation System
Integrating GPS and pseudolite measurements is relatively straightforward because the pseudolites can be considered simply as extra GPS satellite signals ͑if the pseudolites transmit signals on the GPS L1 or L2 frequency͒. Hence, a system based on GPS/ Pseudolite/INS sensor technology can be designed, using a ''tightly coupled'' integration strategy. The benefit of such an ap-proach relative to a ''loosely coupled'' one is better accuracy and lower sensitivity to satellite dropouts. Therefore, the proposed integration approach can be a useful tool to mitigate adverse GPS geometry.
Pseudolites can in fact play three different roles depending on operational conditions. First, in the case of ''benign'' kinematic GPS operation where there are no signal blockages and more than five satellites are available, additional pseudolites strengthen the GPS satellite-pseudolite geometry. Fig. 1 shows the variations of the RDOP values, together with the horizontal and vertical components, for both the GPS-only and GPS/Pseudolite scenarios. The DOP values are computed for a 24 h period and two pseudolites ͑which have 5 and 10 degree elevation angles, as well as 25 and 50 m separation from the receiver, respectively, are assumed͒. It can be seen that satellite geometry in both vertical and horizontal components is significantly improved by the inclusion of additional pseudolite signals.
In addition to providing enhanced geometry, pseudolites can dramatically improve the reliability of the GPS solution. Reliability has two distinct forms: internal and external reliability. Internal reliability is the ability of a system to detect biases in the observations. These biases are referred to as Minimal Detectable Bias ͑MDB͒, describing the size of model errors that can just be detected by using the appropriate test statistics. On the other hand, external reliability is the effect of undetected biases on positioning, which can be computed by propagating the effect of each MDB in the solution ͑see, Leick 1995; Morley and Lachapelle 1997͒. Fig. 2 illustrates the mean value changes of the computed MBD, and Fig. 3 presents the external reliability with respect to the horizontal and vertical position components. These values are computed using the same pseudolite configuration as the previous RDOP calculation. When comparing internal and external reliability, with or without pseudolites, a significant improvement is obtained when using additional pseudolite observations.
Secondly, in the case when there are adverse GPS operational conditions, pseudolites can also help. There are two typical situations ͑Lee 2002; Lee et al. 2002b͒ . One is when the number of GPS signals is insufficient to generate a reliable position solution. Although the advantage of a tightly integrated system is that it can provide Kalman filter updates even when there are less than four satellite signals, integer ambiguities must be resolved at the beginning of the positioning mission and when cycle clips occur in the carrier phase measurements. The other is the case when the duration of satellite signal blockage is excessive, longer than the INS bridging level, resulting in large accumulated INS errors that cannot be calibrated by GPS. Even though signal lock may subsequently be recovered, incorrect integer ambiguities could be introduced owing to the large INS position errors. The critical duration of signal outage varies as a function of the quality of the Inertial Measurement Unit ͑IMU͒. Fig. 4 shows the simulated 30 s Strapdown Inertial Navigation System ͑SDINS͒ error behavior of a ''tactical-grade'' IMU if external measurements are unavailable to update Kalman filter. A typical example of satellite-based positioning in such a harsh environment is on construction or mining sites where the masking of local terrain results in significantly reduced satellite availability, and, as a consequence, reliability and geometry are degraded. In such a case, one or more pseudolites deployed at appropriate locations can be used to improve the availability of measurements.
In the third case, GPS signals are completely unavailable, such as when operated indoors. In such cases, GPS measurements cannot be used in the Kalman filter update, and the accumulated INS error increases with time ͑see Fig. 4͒ . The errors in the vertical channel of a Schuler-tuned INS tend to grow exponentially with time, while the errors in the horizontal channels tend to grow no faster than sinusoidally with linearly increasing envelope. However, the pseudolites can replace the satellite constellation, and be used to calibrate the INS error states. This is the pseudolite-only positioning concept, which has been proposed for indoor positioning by Kee et al. ͑2000͒ and others. An important issue in this scenario is the location of the pseudolite transmitters, because the positioning results are affected by the measurement geometry. A geometric simulation has been carried out for five pseudolites deployed as indicated in Fig. 5 . RDOP values for a rover receiver moving around on the floor of the room are shown in Fig. 6 . The optimum selection of pseudolite location͑s͒ is an important consideration in the case of pseudolite-based positioning. This issue will be discussed in more detail in the following section.
Applications of GPS ÕPseudolite ÕINS System
Land vehicle control and guidance is a challenging application, especially for a construction plant, because many obstructions will cause GPS signal blockage. Some examples include drills, shovels, excavators, and trucks. Such machinery can be currently controlled through laser guidance systems, or more recently using kinematic GPS techniques. Although the laser system can usually only provide height information, the added benefit of a GPS system is that it provides 3-dimensional ͑3D͒ coordinates. However, the GPS system cannot give orientation information ͑with one GPS antenna͒, and its usage is restricted by the requirement for unobstructed line-of-sight between satellites and the receiving antenna ͑accuracy is dependent on satellite geometry͒. Unfortunately, it is difficult to ensure good satellite geometry and signal availability on construction sites, in open-cut mines, highways, and dam construction, etc., where steep pit walls or local terrain may mask some of the GPS signals. An integrated GPS/ Pseudolite/INS system provides, in principle, an effective solution for such applications.
In addition to land vehicle control and guidance, surveying and mapping have benefited enormously from GPS's ability to provide fast and accurate positioning. The GPS/Pseudolite/INS system referred to in this study is able to deliver further benefits by providing accurate attitude information even without satellite signals. The system can provide precise exterior orientation parameters ͑i.e., position and attitude information͒ for mobile mapping applications. Hence it is possible to perform direct georeferencing without Ground Control Points ͑GCP͒. In principle, the application of mobile mapping systems can therefore be extended to indoors and even underground. Another application is the measurement of rail track irregularities ͑Lück et al. 1997͒. A GPS/ Pseudolite/INS system mounted on a monitoring car can offer an elegant solution to the problem of measuring track geometry in tunnels.
Testing and Results with Simulated Measurements
During the early stages of the development of an integrated sensor system it is necessary to test the components, assess the behavior of the various integration strategies and to verify the performance of the system algorithms. It is often not practical to collect data under all possible scenarios. Furthermore, in many kinematic scenarios the true trajectory is not known precisely. By processing simulated data a reference trajectory can be generated, and then compared with results from the integrated system.
In this test, simulation software developed by the writers at the University of New South Wales ͑UNSW͒ is used to generate GPS, Pseudolite, and Strapdown INS measurements ͑Lee 2002; Lee et al. 2002a ,b͒. The software comprises three components: the trajectory profile and the SDINS and GPS/pseudolite measurement simulation modules. All generated SDINS data are output in a binary format with a data rate of 64 Hz; whereas, those of the GPS/Pseudolite are in the RINEX V2 format with 1 Hz data rate. Note that the simulation was carried out with respect to a ''tactical-grade'' IMU as well as a single-frequency, survey-grade GPS receiver. Using the software, GPS, Pseudolite, and SDINS measurements were generated including a reference ͑true͒ trajectory for the simulation tests as shown in Fig. 7 .
Benign Operational Environment
The objective of this test was to compare the performance of standard GPS/INS with a GPS/PL/INS system, as well as to evaluate the accuracy of the integrated GPS/PL/INS system as a function of the number of pseudolites used. To this end, GPS measurements from five satellites were used under benign operational conditions, while an additional four pseudolite measurements were included in turn. To assess system accuracy, a comparison between positions, velocities, and attitude angles on the reference and computed trajectory is given in Figs. 8 -10. As mentioned in the previous section, the reference trajectory in the simulation studies provides the best means of analyzing achievable accuracy and system performance. In addition, standard deviations of the double-differenced ͑DD͒ residuals of the three highest satellites in each epoch are compared ͑Fig. 11͒. As illustrated in Fig. 1 , the addition of pseudolites strengthens the existing GPS satellite geometry, that is, RDOP falls from 2.9 without pseudolite to 1.6 ͑depending on the number of pseudolites used͒. The enhanced geometry results in accurate INS error estimation in the integration filter and, subsequently, improved accuracy for the integrated system. Comparing the standard deviation values of the computed positions, velocities, and attitude angles, as well as the double-differenced residuals, it can be seen that the addition of pseudolites has improved the accuracy of the GPS/INS system. Therefore, the deployment of the pseudolite͑s͒, including the number and their location, should be carefully considered with the aid of a geometric simulation process. Moreover, show that almost twice the quality of results can be achieved with only one additional pseudolite measurement. In contrast with the case of position and velocity, the improvement of attitude accuracy is more modest because the accuracy of the attitude components in the INS is strongly dependent on gyroscope performance. 
Adverse Operational Environment
For this test, five satellite and three pseudolite measurements were generated. However, signal blockages from satellites 5, 17, and 21 were introduced in order to simulate a harsh operational environment. The difference between coordinates of the reference trajectory and those obtained by the system are presented in Fig.  12 . It is expected that the Kalman filter update will not be of high quality due to insufficient external measurement ͑only one GPS DD measurement͒ in the case of the GPS/INS system. Consequently, the inappropriate filter update results in significant position error increase, as shown in the upper graph of Fig. 12 . In contrast, the lower graph in Fig. 12 gives almost identical results with/without the blockages because four DD measurements were used in the filter update ͑using the additional measurements to the three pseudolites͒. This means that the additional pseudolite signals can play a significant role in maintaining stable system accuracy, especially in harsh operational environments such as urban canyons and on construction sites.
PL ÕINS Integration for Indoor Application
This test involves the ''harshest'' satellite-based positioning environment, where GPS signals from satellites are unavailable, as in the case of indoor positioning. As shown in Fig. 4 , the INS error increases without external calibration. This test is focused on whether pseudolite signals can replace those of satellites in the indoor case.
The test assumed five pseudolites in an integrated PL/INS configuration, as shown in Fig. 7 . To evaluate the filter performance, Fig. 13 depicts the root-mean-square ͑RMS͒ values of position, velocity, and attitude angle estimation derived from the covariance matrix. The estimated values are several centimeters for position, better than 0.003 m/s for velocity and around 5 and 1 arc-minute for heading and pitch and roll respectively. These values demonstrate that pseudolite measurements have successfully replaced those from satellites in the filter update period. In addition, Figs. 14 and 15 show the position differences and carrier phase double-differenced residuals computed by INS prediction. Again, these results indicate that an integrated pseudolite/INS system with double-differenced carrier phase measurement makes it possible to ensure centimeter-level accuracy positioning as long as the pseudolite signals are continuously tracked.
Experiment and Results
To investigate the effect of using additional pseudolite signals in the final navigation solution, a kinematic experiment was carried out on the UNSW campus on June 26, 2002. The system consisted of a NovAtel Millennium GPS receiver, an IntegriNautics IN200 pseudolite, and a Boeing MIGITS strapdown INS. Two pseudolite signal transmitters ͑PL#12 and PL#32͒ were used in the test. GPS data were collected at a 1 Hz data rate; whereas those of the INS were at the 100 Hz data rate. Both the GPS rover receiver and the INS were installed on an electrical vehicle, as shown in Fig. 16 . The data were collected for 13 min, including a 3.5 min period in the static mode. During the experiment, there were six visible satellites ͑above the cut-off angle of 15°͒. With the collected measurement set, two types of tests were performed using a modified version of AIMS data processing software ͑Grejner- Brzezinska et al. 1998 Lee et al. 2002a ,b͒ for two operational environments ͑normal and harsh͒ through a manipulation of the GPS measurements. For data processing, only L1 measurements were used for the Kalman filter update. ͑The pseudolites used in this experiment could only transmit on the L1 frequency.͒
Benign Operational Environment
This test was carried out with five satellite and two pseudolite transmitters in order to investigate the pseudolite signal contribution to the integrated system. To this end, a comparison between GPS/INS and GPS/PL/INS results was done with respect to position, velocity, and attitude results ͑Figs. 17-22͒. As mentioned previously, the inclusion of the pseudolite measurements improves the precision for 3D coordinates and in particular the height component. It is noted from Fig. 17 that the vertical coordinate differences between the two types of solutions are larger that those of the horizontal components. In addition, Figs 
Adverse Operational Conditions
The previously described test demonstrated that the inclusion of two pseudolite transmitters can augment a GPS/INS solution. However, the maximum benefit of using pseudolites is obtained in the case of adverse operational conditions, where the number and geometry of the visible GPS satellites is insufficient for updating the integration filter of a GPS/INS system. It should be mentioned that, typically, more than five satellite measurements are necessary to fix integer ambiguity by means of on-the-fly ͑OTF͒ searching methods. To investigate the pseudolite measurement contribution to an integrated system in such an environment, measurements to three GPS satellites were selected for data processing ͑even though six satellites were visible͒. Two pseudolites were included in data processing. Fig. 23 illustrates the geometry of the satellites and pseudolites. In this test ͑with three GPS measurements and two pseudolite measurements per epoch͒, ambiguities could be successfully resolved within a few seconds. In addition, another contribution of pseudolites for ambiguity resolution is the reduction in ambiguity search time because, in the kinematic mode, the line-of-sight vector between epochs changes by a large angle, which results in a well-conditioned matrix of ambiguity parameters. The processed results were compared with the ones obtained by the first test, which used five satellite and two pseudolite measurements, as shown in Fig. 24 . The results indicate that there is no significant system degradation even if only three measurements from the satellites were used in the processing. This means that the pseudolite measurements can indeed substitute for satellite measurements in a GPS/INS system when the number and geometric quality of the GPS satellites is insufficient. Fig. 25 shows the double-differenced residuals for satellite and pseudolite measurements. The satellite measurement residuals are approximately 1-2 cm, while those of the pseudolite are much larger and noisier, especially in the case of PL#12. The residuals show the effect of unmodeled measurement errors in the data processing. In this result, it is suspected that such large pseudolite residuals are because the measurements are contaminated by multipath. Pseudolite measurements are generally more severely affected by multipath than GPS signals ͑Ford et al. 1996͒. In addition, the elevation angle of the pseudolite signals is generally very low, of the order of a couple of degrees ͑about 7°and 9°in this experiment͒. The issue of multipath in pseudolite systems is the subject of ongoing research.
Concluding Remarks
The issue of integration of pseudolites into a GPS/INS system with a view to improving signal availability, solution reliability, and accuracy has been discussed in this paper. To investigate the effect of using additional pseudolite measurements in the navigation solution and filter estimation, a series of simulation studies and field experiments were carried out.
It has been found from the first simulation test that the larger the number of pseudolites the more accurate the navigation solutions ͑position, velocity, and attitude͒. However, more than three pseudolites used in the GPS/INS system only marginally improve the solution accuracy. The second simulation test results demonstrated that pseudolite signals have successfully replaced those of satellites in the Kalman filter update, which are useful for indoor applications.
The field experiment proved that the two pseudolites employed improved the precision of positioning, in particular the vertical component, and other parameters in the filter. The test under harsh GPS operational conditions has showed that pseudolite transmitter deployment makes centimeter-level accuracy positioning possible even if there are insufficient GPS signals available. More research on mitigating pseudolite multipath, and further tests with different dynamic maneuvers, will be carried out in the near future. 
